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Summary In the present work, a non-hydrostatic wave model SWASH (an acronym of Simulating
WAves till SHore) is used to simulate the wave transmission over double trapezoidal submerged
breakwaters. The numerical results were compared with the results of the physical model. The
comparison indicated the capability of SWASH model to predict the wave transmission over
double submerged breakwaters. Inﬂuencing factors such as breakwater spacing S/L0, where L0 is
the deep-water wavelength, and current were investigated in detail. Moreover, the effects of
current on wave transmission were also analyzed. When the relative submerged depth R/H,
where R is the submerged depth and H is the wave height, remains at 1.0, the appropriate relative
breakwater spacing S/L0 is about 1.11. Current has no obvious effect on the appropriate S/L0, but
it will change the shape of wave spectrum. Dissipation of super harmonic wave components is
more obvious than that of lower harmonic wave components.
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Numerical study of wave transmission over double submerged breakwaters 3091. Introduction
It is a common practice to build submerged breakwaters in
coastal areas to protect vessels, facilities, and coastal build-
ings against wave erosion. Because submerged breakwaters
can attenuate waves, they are of great demand in coastal
areas, especially in regions of scenic beauty. Hence, it is
important to investigate the wave transformation processes
and its dynamic characteristics around submerged break-
waters.
Recently, many scholars have conducted studies on wave
propagation over submerged breakwaters. Beji and Battjes
(1993) performed laboratory experiments to elucidate the
phenomenon of high-frequency energy generation as waves
propagate over submerged bars. They found that the bound
harmonics were ampliﬁed during the shoaling process and
released in the deeper water region after the breakwater
crest. Based on a three-dimensional model, Andersen and
Burcharth (2009) studied the inﬂuence of wave obliquity and
directional spreading on waves overtopping of rubble mound
breakwaters and proposed a method to estimate the over-
topping discharge for head-on waves. Carevic et al. (2012,
2013) experimentally studied how the breakwater affects the
changes of representative wave periods, when the waves
propagate over the breakwater. Koraim et al. (2014) inves-
tigated the wave run-up on the seawall and the wave reﬂec-
tion in the presence of submerged breakwater, and studied
the wave transmission over the submerged breakwater
through physical experiments.
Many scholars have carried out analytical or numerical
studies to predict the wave transmission across the break-
water. Sollitt and Cross (1972) derived a theory to predict
ocean wave reﬂection and transmission at a permeable
breakwater. The theory was found to match the experiment
results. Ohyama and Nadaoka (1992) investigated a numer-
ical model employing an effective non-reﬂective open
boundary treatment based on the time-dependent boundary
element method. They analyzed the super harmonics gen-
erated in the trailing side of the submerged breakwater. Van
der Meer et al. (2000, 2003, 2005) developed a formula for
predicting the transmission coefﬁcient in a wide range of
incident wave conditions and structure geometry. They also
analyzed spectral changes and proposed in detail, a simple
method for submerged breakwaters under breaking wave
conditions. Briganti et al. (2003) studied the impact of
the transmission coefﬁcient on the transfer of energy from
lower to higher harmonics and analyzed the evolution of
wave spectrum shape preliminarily. Twu and Liu (2004) set
up an analytical computational model to study the effects of
porosity, number, width and height of bars on wave damping
characteristics. They found that Bragg reﬂection generated
by permeable bars is smaller than that generated by
impermeable bars. Jeon and Cho (2006) investigated char-
acteristics of the Bragg reﬂection due to multi-arrayed tra-
pezoidal submerged breakwaters through numerical and
experimental methods. The numerical model adopted in
their study is based on the Reynolds averaged Navier—Stokes
equations with the VOF method. According to their results, it
is noted that the magnitude of velocity increases at the upper
side of the ﬁrst arrayed breakwater and decreases at the back
side of the structures. In terms of their studies, the reﬂection
coefﬁcients increase as the array of submerged breakwatersincreases. Wang et al. (2007) presented a series of analytical
and numerical investigations in oblique wave transmission at
low crested breakwaters. Their numerical simulations exhib-
ited a signiﬁcant decrease in the transmission coefﬁcient
with increase in oblique incidence attacking a smooth break-
water. Zou and Peng (2011) investigated the evolution of
wave shape over a low crested structure using a 2D RANS VOF
model. They found that wave skewness as a primary wave
nonlinearity indicator varies across a submerged breakwater.
These studies mentioned above were on the hydrodynamic
performance of single submerged breakwater without the
existence of current. Possibly, both the number of submerged
breakwater and current will affect the wave transmission.
Therefore, Cao et al. (2012), based on N-S equation and VOF
method, studied the hydrodynamic characteristics such as
velocity ﬁeld and turbulent kinetic energy in water waves
propagating over two impermeable trapezoidal submerged
breakwaters with 1:20 slope. They studied the wave attenua-
tion rules of the submerged breakwaters with wave steep-
ness. The effects of wave steepness have been discussed. He
et al. (2007) adopted an analytic method to study the
reﬂection and transmission coefﬁcients of double submerged
rectangle breakwaters in oblique waves and discussed the
effects of geometric parameters and incident angle on the
transmission and reﬂection coefﬁcients in detail. They con-
clude that exchanging the positions of the two blocks does
not affect the reﬂection and transmission coefﬁcients for the
ﬁxed center distance. However, the current's effects on
double submerged breakwaters have not been reported
before. Moreover, numerical wave models built on the N-S
equations with free surface tracking methods is time
consuming. So it is very difﬁcult to be a favorable choice
to large-scale applications in coastal engineering.
The present work sets up several numerical models to
simulate the wave propagation in a wave tank on the topo-
graphy of double trapezoidal submerged breakwaters
through SWASH model (an acronym of Simulating WAves till
SHore). SWASH is a new time-domain wave propagation
model based on the non-linear shallow water equations with
non-hydrostatic pressure as referred in Zijlema et al. (2011).
Suzuki et al. (2011) investigated the applicability of SWASH
model for wave transformation and wave overtopping dis-
charge by comparison with new physical model tests, indi-
cating that SWASH model reproduces wave transformation
and wave overtopping very well. Rijnsdorp et al. (2014)
carried out numerical modeling of waves propagating over
a plane slope and barred beach laboratory conditions through
SWASH. The results when compared to the wave ﬂume
observations demonstrate that SWASH can be used to simu-
late the nearshore evolution of infragravity waves. The pre-
vious studies contribute wave transmission a lot. However,
the present work focuses on studying the inﬂuences of rela-
tive breakwater spacing S/L0, where L0 is the deep-water
wavelength, and current on wave propagation through
numerical simulation, which will be useful references for
submerged breakwater designing in the future. Accounting
for the existence of narrow tide range in many seas, the
present work ﬁxed the relative submerged depth to a con-
stant value of 1.0. Effects of variance of relative depth are
not studied in the present work, which have been studied
such as Cao et al. (2012) which has already proved that
transmission coefﬁcient rises with the increase in relative
310 B. Liang et al.submerged water depth R/H, where R is the submerged depth
and H is the wave height.
The present work is structured as follows. The theory of
non-hydrostatic wave model SWASH is described in Section
2. Section 3 describes the validation of the numerical models
with the data obtained from experiments carried out in The
Ocean University of China. The results and discussions for
wave transmission over double trapezoidal submerged break-
waters are given in Section 4. Finally, conclusions are drawn
in Section 5 of the paper.
2. Theory description
SWASH is a numerical package developed by Delft University
of Technology. It can simulate non-hydrostatic, free surface,
and rotational ﬂows in one and two horizontal dimensions
(Zijlema et al., 2011). The governing equations are the
nonlinear shallow water equations including a non-hydro-
static pressure term.
The equations are as follows:
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Here, t is time, x and y the horizontal coordinates, z(x, y,
t) the surface elevation from still water level, d(x, y) the still
water depth, h = d + z the total water depth, and u(x, y, t)
and v(x, y, t) the depth-averaged ﬂow velocity in x and y
directions, respectively. q(x, y, z, t) is the non-hydrostatic
pressure at the bottom, g the gravitational acceleration, cf
the dimensionless bottom friction coefﬁcient, txx, txy, tyx and
tyy the horizontal turbulent stress terms, and wb and ws theFigure 1 Experimental setup of wave tranvertical velocity at the bottom and at the free surface,
respectively.
Moreover, SWASH adopts an explicit, second order ﬁnite
difference method for staggered grids. The detailed descrip-
tions of numerical implementation method are given in
Zijlema and Stelling (2005) and Zijlema et al. (2011).
3. Numerical model
3.1. Model setting
The wave parameters were simulated using a non-hydrostatic
wave prediction model, named SWASH. It modeled a vertical
two-dimensional model using a horizontal grid size of 0.05 m
and 10 layers in vertical direction with a time step of 0.02 s.
Absorbing-generating boundary conditions are adopted at
side of wave generator. Time series of water level generated
by regular or irregular waves by means of a spectrum are
inputted. A thick sponge layer was installed at the right
boundary to avoid wave reﬂection, which is two to three
times the wavelength. Water depth was divided into 10 layers
vertically. Numerical model validation is described in Section
3.2. In order to study the effects of breakwater spacing S/L0
and current on wave transmission, more numerical models
were set up. The details of these models' settings are given in
the following sections.
3.2. Model validation
To validate the SWASH numerical model, wave data from the
physical experiments conducted in the laboratory of Ocean
University of China were utilized. The wave tank was 60.0 m
long and 3.0 m wide. A wave generator was used for wave
generation in one end of the wave tank. Flows with
U = 0.1 m s1, denoting the waves propagating with the tidal
current, and U = 0.1 m s1, denoting the waves propagating
against the tidal current, were generated, respectively. A
sponge layer was deployed at the end of the wave tank to
decrease wave reﬂection. The sponge layer consists of porous
material made of iron wire. The thickness of the sponge layer
is about 5 m. The submerged breakwater was 0.6 m high and
the breakwater crest width was 2.9 m. The wave generator
and the breakwater were located at x = 0.0 m and x = 23.6 m,
respectively, as shown in Fig. 1. Four wave gauges (#1—#4)
are placed along the wave tank for measuring free surface
elevation. The wave gauges were positioned one each at the
front, the slope, and the crown of the submerged break-
water, respectively and one after the submerged breakwater.sformation over submerged breakwater.
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Figure 2 Validation for regular wave (H = 0.05 m, T = 2.0 s). (a) U = 0 m s1; (b) U = 0.1 m s1; (c) U = 0.1 m s1.
Table 1 Correlation coefﬁcient.
Station U = 0 m s1 U = 0.1 m s1 U = 0.1 m s1
#1 0.9838 0.9608 0.9697
#2 0.9720 0.9785 0.9607
#3 0.9305 0.8146 0.9785
#4 0.9040 0.7017 0.7971
Numerical study of wave transmission over double submerged breakwaters 311Each gauge obtains free surface elevation for 120.0 s with a
sampling frequency of 50.0 Hz. The measurements were
taken at the crown of the submerged breakwater, where
the submersion is 0.35 m.
Fig. 2 shows the surface elevation comparison between
the measured data and simulated results for regular waves.
The incident wave height is 0.05 m and the wave period is
2.0 s. As we can see from Fig. 2, numerical results of the wave
proﬁles correspond to the measured data for both pure wave
and current wave conditions. In general, the validation
indicates the capability of the SWASH model to predict
accurately the regular wave transformation around sub-
merged breakwaters. Correlation coefﬁcient between results
measured and results simulated is shown in Table 1, which
indicates the capability of the SWASH model to predict
accurately the regular wave transformation around sub-
merged breakwaters generally. Shown in Fig. 2b and c, which
give comparing curves, little phase lag is found at #4. During
experiment processes, the current velocity is measured at #1
only. However, current velocity is not uniform along the
whole tank. Specially, current velocity rises rapidly due to
shallow effects of submerged breakwater. Around submerged
breakwater, faster current may bring stronger interactionbetween current and wave. So wave and wave energy pro-
pagation velocity varies along the whole tank. Moreover,
accounting for changes of turbulence energy and eddy visc-
osity induced by the interaction, wave transmission will also
be changed furtherly due to the existence of uniform current.
Therefore, some phase occurs at the location #4 being far
away from #1 when current exist. Fig. 3 shows wave-surface
elevation comparison between the measured data and the
simulated data for irregular waves. The incident signiﬁcant
wave height is 0.05 m and wave period is 2.0 s. As we can see
from this ﬁgure, the numerical results correspond with the
experimental results, indicating that the non-hydrostatic
wave model SWASH can also accurately simulate irregular
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Figure 3 Validation for irregular wave (H1/3 = 0.05 m, T1/3 = 2.0 s). (a) U = 0 m s
1; (b) U = 0.1 m s1; (c) U = 0.1 m s1.
312 B. Liang et al.wave propagation over the topography of submerged break-
water in the wave tank. Hence, the present model may be
reliable to analyze the wave transformation over double
trapezoidal submerged breakwaters.
4. Results and discussions
In order to investigate the inﬂuences of relative breakwater
spacing S/L0 on wave transmission, several numerical models
on double submerged breakwaters were set up. The topo-
graphy of double submerged breakwaters is shown in
Fig. 4. The height of the two submerged breakwaters, width
of the breakwater crest, water depth, and slope are 0.8 m,
1.0 m, 0.95 m, and 1:2, respectively. Tide range is relatively
narrow in some areas of the sea, such as the western areas of
Japan Sea. As a result, on setting up the numerical models,
the present work investigated the effect of submerged break-
water spacing and current on wave transformation keeping
the relative submerged depth as a constant with 1.0 value.
The Cartesian coordinate system was established by deﬁning
the beginning of the wave tank as the origin, where the wave
generator is placed. The ﬁrst submerged breakwater wasplaced in 100 m long wave tank at the position x = 20.0 m. S
represents the breakwater spacing, which is the distance
between the two submerged breakwaters' center. The water
depth on the submerged breakwater crown is represented
as R.
The following section investigates the effect of relative
breakwater spacing S/L0 on wave propagation based on
numerical simulations. It aims to ﬁnd the most appropriate
breakwater spacing S/L0 as references for the practical
engineering.
4.1. Effect of relative breakwater spacing S/L0
Breakwater spacing has effects on the transmission coefﬁ-
cients and transmitted wave spectrum. In order to investi-
gate the relationship between wave transmission and
relative breakwater spacing, several numerical models with
different topographies were set up. First, this section studies
the breakwater spacing's effects on regular wave, when the
incident wave height, period and water depth are 0.15 m,
2.0 s, and 0.95 m, respectively. The breakwater spacing S/L0
varies from 0.67 to 1.31.
Figure 4 Details of the topography for numerical experiment.
Numerical study of wave transmission over double submerged breakwaters 313Two-point method of Goda and Suzuki (1976) was
employed to separate the incident and reﬂected waves. So
incident wave height (Hi), reﬂected wave height (Hr), and
transmitted wave height (Ht), can be obtained separately.
Therefore, the transmission coefﬁcient (Kt) and reﬂection
coefﬁcient (Kr), respectively, can be deﬁned as follows:
Kt ¼ HtHi ; (6)
Kr ¼ HrHi : (7)
Attenuation coefﬁcient, Ka, can be obtained through the
principle of energy conservation, and is deﬁned as follows:
Ka ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1  K2t  K2r
q
: (8)
Fig. 5 shows the curves of transmission coefﬁcient (Kt),
reﬂection coefﬁcient (Kr), and attenuation coefﬁcient (Ka)
against relative breakwater spacing S/L0, for regular waves.
From Fig. 5, it is obvious that relative breakwater spacing
affects the transmission and attenuation coefﬁcients. The
reﬂection coefﬁcient changes from 0.35 to 0.4, which shows
that the effects of relative breakwater spacing S/L0 on
reﬂection are not very obvious with constant relative sub-
merged depth. The reﬂection in front of ﬁrst submerged
breakwater is more affected by the ﬁrst submerged break-
water than the second one. The reﬂective waves from second
submerged breakwater and super harmonic wave component
are dissipated much when propagate cross the two arrays.
The relative breakwater spacing S/L0 can affect wave energyFigure 5 Variation in transmission coefﬁdissipation and transmission through increasing energy dis-
sipation caused by strong current and wave interaction under
complex topography. With the increase in relative break-
water spacing, Kt decreases initially and reaches a minimum
value of 0.71, when S/L0 is 1.11. Afterwards, when S/L0 rises
continuously Kt increases gradually. However, Ka shows the
opposite tendency with the increase in relative breakwater
spacing. The maximum value of Ka is close to 0.60 when S/L0
is 1.11. In other words, the double submerged breakwaters
showed better performance in reducing wave effects when
the relative breakwater spacing was 1.11. When S/L0 is 1.11,
to investigate the wave energy dissipation during propagat-
ing submerged breakwaters, Fig. 6 shows the turbulent
kinetic energy. It is easy to know that there are much
turbulent kinetic energy around ﬁrst array top of submerged
breakwater. Moreover, obvious turbulence also appears
around top of second breakwater. So more wave energy is
dissipated to turbulence for two arrays of breakwater than
single array.
On considering irregular waves, the target wave spectrum
is JONSWAP spectrum. The incident signiﬁcant wave height is
0.15 m and the signiﬁcant wave period is 2.0 s. Here, the
signiﬁcant wave period means the averaged wave period of
the largest 1/3 individual wave periods with descending list.
The other parameters are same as those in the case of regular
waves. Fig. 7 shows the transmission coefﬁcients of irregular
waves. The variation in Kt with relative breakwater spacing
S/L0 is similar to that of regular waves (shown in Fig. 5).
When S/L0 is 1.11, Kt becomes lowest being 0.421.
For irregular waves, Fig. 8 shows the wave spectrums
behind the submerged breakwater for different breakwatercient Kt versus S/L0 for regular waves.
Figure 6 Turbulent kinetic energy distribution under regular wave (quivers stand for velocity vector). (a) Wave trough and (b) wave
crest above ﬁrst array submerged breakwater.
314 B. Liang et al.spacing conditions. It shows that the wave spectrums have
similar shapes in both lower frequency and higher frequency
domains. With the breakwater spacing increasing, more wave
energy is shifted to the higher frequency domain, and the
wave energy within the basic frequency domain decreases.
From the ﬁgure, it is understood that the transmitted wave
energy is lowest when relative breakwater spacing S/L0 lies
between 0.99 and 1.15.
To quantitatively investigate the wave's internal energy
variation, the wave energy distribution of the transmitted
wave for irregular wave is used, and is given in Table 2. Ei is
the wave energy of the incident wave, Et is the wave energy
of the transmitted wave, and Et1.5 is the transmitted wave
energy within the high frequency domain, meaning wave
energy in the range between 1.5 and 3.5 of peak frequency.Figure 7 Variation in transmission coefﬁcWhen waves pass over double submerged breakwaters,
there are some internal changes in wave energy distribution.
Some part of the energy is attenuated and some shift
from the lower frequency domain to the higher frequency
domain. In the present work, as mentioned in the above
paragraphs, wave energy between 1.5 and 3.5 of peak fre-
quency is deﬁned as super harmonic wave, expressed by Et1.5.
Table 3 proves that super harmonic wave energy occupies
13.70—23.62% of the transmitted wave. The ratio Et1.5/Et
changes with the variation in breakwater spacing and tends
to be minimum at 13.7%, when relative breakwater spacing is
about 0.91. A portion of the wave energy is dissipated,
whereas some portion is reﬂected by the submerged break-
water. Hence, the transmitted wave energy is about 20% of
the incident wave energy. The ratio of transmitted waveient Kt versus S/L0 for irregular wave.
0 0.5 1 1.5
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
x 10-3
Frequency  f [Hz]
S
pe
ct
ru
m
 S
(f)
 [m
2  
s]
 S/L0 = 0.67
 S/L0 = 0.83
 S/L0 =0.99
 S/L0 =1.11
 S/L0 =1.15
 S/L0 =1.31
Figure 8 Transmitted wave spectrums for different breakwa-
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Numerical study of wave transmission over double submerged breakwaters 315energy to incident wave energy decreases initially and
then increases with the increase in relative breakwater
spacing S/L0.
Van der Meer et al. (2000) put forward constant distribu-
tion of wave energy on higher harmonics (40%); this is a very
crude description of spectral distribution and inadequate to
assume constant distribution of the wave energy on higher
harmonics. Carevic et al. (2013) modiﬁed the empirical
modeling of Van der Meer et al. (2000), proposed a linear
formula of Et1.5/Et to Rc/H and wave steepness sop, as
follows:Table 2 Wave energy distribution of transmitted wave.
Test Et [103 m2 s] Et1.5 [103 m2 s] 
S/L0 = 0.67 0.5478 0.0826 
S/L0 = 0.83 0.4712 0.0663 
S/L0 = 0.91 0.4123 0.0565 
S/L0 = 0.99 0.3801 0.0552 
S/L0 = 1.07 0.382 0.0733 
S/L0 = 1.09 0.3845 0.0789 
S/L0 = 1.11 0.3924 0.0838 
S/L0 = 1.12 0.3965 0.0883 
S/L0 = 1.14 0.4065 0.0923 
S/L0 = 1.15 0.4018 0.0949 
S/L0 = 1.23 0.4291 0.1012 
S/L0 = 1.31 0.4405 0.1030 
Table 3 Comparison of wave energy distribution of transmitted 
Location Et [103 m2 s] Et1.5 [103 m
Between breakwaters 0.8896 0.3412 
After breakwaters 0.3924 0.0838 Et1:5
Et
¼ max½0:071; ð2:71sop þ 0:32ÞRcH þ ð6:21sop þ 0:71Þ:
(9)
Based on Eq. (6) for single submerged breakwater, Et1.5/Et
equals to 29.16% with Rc/H and wave steepness being same
as those of the present study. In the present work, focusing
on double trapezoidal submerged breakwaters, the wave
energy of higher harmonics components changes from 13.7%
to 23.62%. Based on Table 3, it is easy to ﬁnd that wave
energy of super harmonic components occupies 38.35% when
wave transmits to middle of the two submerged break-
waters. However, at the same time, wave energy of super
harmonic components decreases from 38.35% to 21.36%
when waves propagate across second submerged break-
water, proving that dissipation of super harmonic wave
components is more obvious than that of lower harmonic
wave components. The differences between the present
study and results given by Eq. (6) can be accepted when
accounting for different slopes, single and double arrays of
breakwaters etc. between the present studies and studies of
Carevic et al. (2013).
4.2. Effect of current on appropriate breakwater
spacing S/L0
When relative breakwater spacing is around 1.11 with the
relative submerged depth maintaining a constant of 1.0, the
transmission coefﬁcient is the smallest, conﬁrming the cap-
ability of submerged breakwaters in reducing the wave
energy. In the following paragraphs, the effect of current
on appropriate breakwater spacing S/L0 is investigated.
Fig. 9 shows the variation in transmission coefﬁcients
against the breakwater spacing changes for varying currentEt1.5/Ei [%] Et1.5/Et [%] Et/Ei [%]
3.94 15.08 26.14
3.16 14.07 22.49
2.70 13.70 19.68
2.63 14.52 18.14
3.50 19.19 18.23
3.77 20.52 18.35
4.00 21.36 18.73
4.21 22.27 18.92
4.41 22.71 19.40
4.53 23.62 19.18
4.83 23.58 20.48
4.92 23.38 21.02
wave for irregular wave.
2 s] Et1.5/Et [%] Et/Ei [%] (Ei  Et)/Ei [%]
38.35 42.46 57.54
21.36 18.73 81.27
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Figure 10 Wave spectrums of transmitted wave in different
current conditions.
Figure 9 Variation in transmission coefﬁcient Kt versus S/L0 in different current conditions.
316 B. Liang et al.conditions. Essentially, transmission coefﬁcient Kt changes
with breakwater spacing and current. For all the three
current conditions, following current, adverse current and
no current, Kt exhibits the same variation tendency. It
decreases initially and then increases with the rise in relative
breakwater space. Kt tends to be the lowest when relative
breakwater spacing ranges from 1.07 to 1.15. However,
transmission coefﬁcient has the largest value for following
current condition and the lowest value for adverse current
condition. This phenomenon indicates that the double tra-
pezoidal submerged breakwater reduces wave energy better
in adverse current conditions. In other words, submerged
breakwaters inﬂuence the wave transformation more in ebb
tide than in ﬂood tide. Based on the above descriptions, it is
obvious that Kt decreases initially and then increases with the
rise in relative breakwater spacing irrespective of the current
condition.
Fig. 10 shows the wave spectrums of irregular waves for
different current conditions. It shows that the transmitted
wave energy is the lowest in adverse current, which is similar
to transmission coefﬁcient shown in Fig. 9. In adverse cur-
rent, a large portion of the wave energy is dissipated through
wave breaking. For following current, in terms of Fig. 10, the
wave height increases. Transmitted wave energy in the
following current is larger than the other cases owing to
lesser dissipation along the wave tank. In order to understand
quantitatively, the wave energy distribution along the fre-
quency domain, Table 4 is introduced to show the wave
energy distribution of transmitted wave under different
current conditions. The relative breakwater spacing, S/L0
of all the cases is 1.11.Table 4 Wave energy distribution of transmitted wave.
Test Et [103 m2 s] Et1.5 [103 m
Without current 0.3924 0.0838 
Following current 0.5511 0.0987 
Adverse current 0.3282 0.0625 As shown in Table 4, wave energy after the submerged
breakwater contains 15.66% of the incident wave energy in
adverse current, which is low compared to following current
and no current condition. In adverse current condition, more
wave energy is dissipated and reﬂected by the submerged
breakwater. In following current condition, more wave
energy is transmitted from the lower frequency domain to
higher frequency domain, compared to adverse and no cur-
rent condition.2 s] Et1.5/Ei [%] Et1.5/Et [%] Et/Ei [%]
4.00 21.36 18.73
4.71 17.91 26.30
2.98 19.04 15.66
Numerical study of wave transmission over double submerged breakwaters 3175. Conclusions
In the present work, SWASH is used to study the wave
transmission as it passes over double submerged break-
waters. The following summaries are drawn:
First, the numerical model was validated for regular and
irregular waves through surface proﬁle and wave spectrum,
respectively. The validation included cases irrespective of
the existence of current. The validation indicates the cap-
ability of SWASH to simulate wave transformation over dou-
ble submerged breakwaters under laboratory conditions.
Second, the inﬂuences of relative breakwater spacing and
current on wave transformation along the wave tank were
studied. It conﬁrmed that the value of appropriate relative
breakwater spacing S/L0 was around 1.11, provided the
relative submerged depth R/H is ﬁxed to 1.0.
Third, dissipation of super harmonic wave components is
more obvious than that of lower harmonic wave components.
Finally, regardless of following current or adverse current
condition, the value of appropriate S/L0 remains constant,
however, the nonlinear effects between current and wave
will change the wave spectrum.
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